Summary.-The immunogenicities of 15 murine osteosarcomata induced with a bone seeking radioisotope (90Sr) in normal and chimaeric CBA mice were studied. Attempts were made to induce tumour-specific immunity in syngeneic mice by treatment with x-irradiated (15,000 rad) tumour or surgical excision of developing subcutaneous tumour grafts. Resistance was evoked against 6 tumours and this was relatively weak. With the remaining tumours, no resistance against the immunizing tumour could be demonstrated, even though the transplantation tests were made highly sensitive by the use of inocula of as few as 2 x 103 cells in pre -irradiated (400 rad) hosts. Sera from mice immunized against each of the tumours were tested against viable cells of the immunizing tumour by indirect immunofluorescence. In no instance did tumour antisera give a convincing reaction with tumour cells although alloantisera raised by hyperimmunization of H-2 identical and H-2 different donors with osteosarcomata consistently gave strongly positive reactions. The results are interpreted as illustrating the weak tumour specific antigenicity of radiation-induced murine osteosarcomata. The possibility that antigenic deficiency is a consequence of immunosurveillance in this tumour system is discussed.
Summary.-The immunogenicities of 15 murine osteosarcomata induced with a bone seeking radioisotope (90Sr) in normal and chimaeric CBA mice were studied. Attempts were made to induce tumour-specific immunity in syngeneic mice by treatment with x-irradiated (15,000 rad) tumour or surgical excision of developing subcutaneous tumour grafts. Resistance was evoked against 6 tumours and this was relatively weak. With the remaining tumours, no resistance against the immunizing tumour could be demonstrated, even though the transplantation tests were made highly sensitive by the use of inocula of as few as 2 x 103 cells in pre -irradiated (400 rad) hosts. Sera from mice immunized against each of the tumours were tested against viable cells of the immunizing tumour by indirect immunofluorescence. In no instance did tumour antisera give a convincing reaction with tumour cells although alloantisera raised by hyperimmunization of H-2 identical and H-2 different donors with osteosarcomata consistently gave strongly positive reactions. The results are interpreted as illustrating the weak tumour specific antigenicity of radiation-induced murine osteosarcomata. The possibility that antigenic deficiency is a consequence of immunosurveillance in this tumour system is discussed.
THE concept that experimentally induced tumours may have associated antigens (tumour specific transplantation antigens, T.S.T.A.), against which the host is capable of evoking an immune response has been firmly established by numerous investigators (Klein, 1968) . In viral oncogenesis there exists, in general, a striking correspondence between malignant transformation and the appearance of new histocompatibility antigens, specific for the aetiologic virus. By contrast, the situation with regard to putatively non-viral tumours whilst others appear to lack T.S.T.A. at least in concentration sufficient to provoke a significant rejection reaction. Furthermore, certain entire classes of tumour, such as spontaneous mouse sarcomata (Prehn and Main, 1957) , sarcomata induced by implanted plastic films (Klein, Sjogren and Klein, 1963) and pulmonary neoplasms induced by chemical carcinogens (Prehn, 1962 (Prehn, , 1963 Pasternak, Hoffman and Graffi, 1966) possess little or no detectable antigenicity.
In some systems, rapidly induced tumours are more immunogenic than those with longer latent periods (Old et al., 1962; Johnson, 1968) , particularly where there is a superimposed component of immunosuppression attributable to the carcinogen (Stjernsward, 1969) . It has been suggested that this inverse relationship between antigenicity and latent period may reflect the influence of immunoselection on tumour antigen expression during carcinogenesis (Prehn, 1968) . The relation between these two parameters appears, however, to be more complex than this since murine sarcomata induced by plastic film implantation (Klein et al., 1963) and by u.v.-irradiation (Graffi, Pasternak and Horn, 1964) have comparable latent periods, but differ significantly in antigenic strength. A similar lack of correlation has been demonstrated for tumour systems in species other than the mouse (Oettgen et al., 1968; Baldwin et al., 1970; . It is thus evident that further evaluation of the role of immune surveillance on tumour antigen expression is desirable, particularly in relation to the site and type of tumour induced and the nature of the carcinogenic agent.
In this paper we report on the antigenicity of osteosarcomata in mice arising as a consequence of internal irradiation with bone-seeking isotopes, by the attempted induction of resistance to their own transplantation in recipient mice, syngeneic with the strain of origin. These tumours, induced in normal and chimaeric mice, possess long latency periods (269-746 days) and in this respect are comparable with connective tissue tumours induced by other physical agents (plastic film and u.v.-irradiation and this technique has been used to ascertain whether radiation-induced osteosarcomata elicit a tumour-specific humoral antibody response against cell-surface expressed T.S.T.A.
MATERIALS AND METHODS
Tumours.-The induction of osteosarcomata by injection of 90Sr (20 uCi) in normal and chimaeric CBA mice has been described (Barnes et al., 1970) . With one exception (S27) primary tumours were classified histologically as osteosarcomata. One tumour in the series (Si 15) was induced by a single intraperitoneal injection of 226Ra (50 nCi). All osteosarcomata arising in syngeneic (CBA/CBAT6T6) and allogeneic (CBAT6T6/ A) chimaeras were confirmed to be of host (CBA) origin by cytological and, where appropriate, genetic analysis. Tumours were serially passaged by subcutaneous implantation in young adult male syngeneic CBA or CBAT6T6 mice, the genetic uniformity of which was routinely checked by skin grafting. Table I .
Induction of tumour immunity.-Two procedures were used for studying the immunogenicities of osteosarcomata passaged in syngeneic hosts.
(i) Implantation of irradiated tumour.-Tumour implants (approximately 4 mm x 4 mm) suspended in tissue culture medium 199, were exposed to x-irradiation from a Westinghouse x-ray therapy unit operating at 220 kV and 14 mA with 1 mm Cu and 1 mm Al filtration (half value layer 1 82 mm Cu). They were inactivated by 15,000 rad delivered at the rate of 375 rad/min.
Irradiated pieces were then immediately implanted subcutaneously under the dorsal skin. Where practicable, bilateral implants were preferred to unilateral implants so as to stimulate a larger mass of recipient lymphoid tissue.
The immunization schedule usually consisted of a minimum of three implantations of irradiated tissue at intervals of 10 to 21 days depending on the growth rate of the respective viable tumours. Control mice were similarly treated with irradiated normal tissues (kidney, liver, muscle and spleen). In some tests additional controls included mice with grafted irradiated tumour from transplanted soft tissue sarcomata of recent origin in CBA mice, induced by 3-methylcholanthrene and F.B.J. murine osteosarcoma virus (Finkel, Biskis and Jinkins, 1966; Price, Moore and Jones, 1972) . The former were characterized by individually distinctive T.S.T.A. while the latter possessed T.S.T.A. common to sarcomata induced by F.B.J. virus (to be published).
(ii) Excision of subcutaneous tumour.-Subcutanequsly developing tumour grafts were surgically excised, complete with overlying skin, when they attained an average diameter of 8-10 mm.
Tumour challenge.-Challenge inocula of defined numbers of tumour cells were given 7 to 14 days after the last irradiated graft, or following tumour excision.
For this purpose, tumour was prepared as a single cell suspension by dissociation in 0 250% trypsin (Difco, 1: 250) in Hanks' balanced salt solution. After washing by centrifugation and suspension in M199, cells were assessed for viability by trypan blue exclusion. Preparations of exceptionally low viability (<250%) or which were prone to cell clumping were not used for tumour challenge.
In each test a group of untreated control mice was included and all animals received total body x-irradiation (400 rad delivered at the rate of 33-5 rad/min) 24 hours prior to inoculation. This treatment suppresses any primary immune response to the tumour inoculum in the course of early latency without markedly affecting the secondary response in previously immunized mice thereby allowing weak levels of tumour resistance to be detected.
In preliminary tests it was necessary to establish the number of cells of each tumour required to sustain progressive growth in at least 50% of pre-irradiated (400 rad) but otherwise untreated recipients. These threshold cell numbers varied appreciably from tumour to tumour. The first tumour challenge was then usually given at a dose comparable to the threshold inoculum. Thereafter mice were examined twice weekly and tumour sizes were taken as the mean of two diameters.
Sera.-Sera were obtained from mice immunized with individual osteosarcomata by multiple implantation of irradiated tumour. Mice were bled under ether anaesthesia from the retro-orbital plexus, 7 to 10 days after the last irradiated graft. Sera were stored at -20°C until required.
Alloantisera were raised in H-2 different (A strain), and H-2 identical (C3H strain) mice, by hyper-immunization with viable grafts of CBA osteosarcomata.
Immunof aorescence.-Sera were tested for anti-tumour antibodies by the indirect fluorescent antibody test, as modified by Moller (1961) , for use with suspensions of viable cells.
Suspensions of viable tumour cells were prepared as described by trypsinization of fresh tumour tissue from mice bearing osteosarcoma transplants. Cells were washed free of enzyme, resuspended in medium 199 and distributed in tubes (5 x 106 cells per tube). After centrifugation, the cells were resuspended in 0-1 ml of undiluted test or control serum and incubated at 37°C with gentle agitation for 20 min. Cells were then washed three times in culture medium and resuspended in 0-1 ml fluorescein-conjugated globulin fraction of unabsorbed horse antimouse globulin (dilution 1/10) (Progressive Laboratories, Baltimore, Maryland, U.S.A.).
This reagent gave a strong single IgG line on immunoelectrophoresis with mouse serum. After incubation for 20 min at room temperature the cells were washed three times, suspended finally in 01-42 ml 50%1 glycerol in saline and examined under a coverslip with u.v. and fluorescence microscopy using a dark ground condenser with toric lens beneath, and a colourless barrier filter. The presence of antibody was indicated by various degrees of fluorescence at the cell membrane ranging from reactions in which a virtually complete surrounding ring was visible, to lesser reactions in which isolated sectors of brighter fluorescence appeared at the cell membrane. In every test, negative controls (sera from normal CBA mice) were included in addition to positive controls (alloantisera from A and C3H strain mice immunized with radiation induced osteosarcomata). In no instance was non-specific staining of tumour cells observed.
Fluorescence indices (FI) were calculated as the proportion of unstained cells in the sample exposed to control mouse serum minus the proportion of unstained cells in the sample exposed to the test serum, divided by the former figure. An index of 0 3 or greater was considered, on statistical grounds, to represent a significant reaction.
RESULTS

Response to irradiated tumour isografts
Fifteen radiation-induced sarcomata were examined for their capacity to induce resistance to their own transplantation in syngeneic CBA mice, by prior treatment with irradiated tumour cells.
Of these, 6 tumours (S15, S17, S20, S38, S100 and S115) were immunogenic in that the number of tumour takes in S5/26-28 S15/14-23 S15/35-36 S16/15-17 S16/18-19 S17/9-15 S17/18-19 S18/16-25 S20/17-18 S20/24-26 S27/17-19 S38/10-11 S39/11-18 S39/14-18 S39/24-27 S100/3-6 S100/14-15 S101/7-16 S101/13-16 S101/17-18 8110/8-9 81O/12-13 811/10-12 S115/5-6 S115/5-6 S115/2-3 S115/8-9 S115/8-9 S 100/7 S100/16 S101/16 S101/16 S101/19 S l10/8 S110/12 S111/12 S115/7 S115/7 S115/4 S115/10 S115/10 immunized hosts was reduced compared with those in normal untreated mice (Table II , Fig. 1 and challenged with S101, tumour outgrowth was suppressed for periods up to 150 days although ultimate protection was not achieved. In no example studied did the level of immunity evoked in immunized mice exceed the threshold inoculum for pre-irradiated (400 rad) non-immunized controls by one logarithmic unit, indicating that the degree of resistance induced to the osteosarcomata was of a relatively low order. The remaining 9 sarcomata in the series revealed only a very slight immunogenicity which was not always reproducible, or were found to be completely inactive by this transplantation-immunization procedure.
To establish that the observed antigenicity of the radiation-induced sarcomata was not attributable to a non-specific increase in immunological responsiveness, mice variously received irradiated grafts of normal tissues, or chemically induced or virally induced sarcomata of soft tissue origin in CBA mice known from comparable transplantation tests to possess T.S.T.A.s. Thereafter they were challenged with those osteosarcomata which had earlier revealed antigenicity. Such pretreatment failed to protect against low tumour cell inocula confirming the association of weak T.S.T.A. with the osteosarcomata (Table  III, Fig. 1 and 2) .
Of the weakly immunogenic tumours, the primaries of 4 (S38, S15, S20 and S17) arose in chimaeric mice and in general appeared earlier than the nonimmunogenic tumours (Table I) . Two weakly immunogenic tumours (S100 and S 115) appeared in normal mice, of which one (S115) was induced by 226Ra with a very long latent period (746 days). In two examples (S16 and S1io), tumour outgrowth appeared to be facilitated in mice pretreated with irradiated tumour biopsies compared with untreated controls.
Response to tumour excision
The immunogenicity of 9 sarcomata was examined following surgical removal and challenge with the same tumour. Evidence of weak transplantation resistance was obtained in only one instance (S20) following excision of subcutaneous grafts (Table IV) . In this case, tumour outgrowth from a challenge of 104 cells was not detectable until 13 days after that in controls, and 4/8 immunized mice remained resistant compared with 5/6 non-immunized controls which grew tumours (Fig. 2) . Surgical removal also delayed the appearance of challenge tumour cells in mice which had borne grafts of S17 but in this example no complete protection ensued. In both cases, once tumours had developed they grew at comparable rates in test and control groups.
The remaining 7 sarcomata evoked neither resistance nor enhancement following tumour excision. Immunoftuorescence studies Tests were carried out with sera from mice immunized against each of the radiation sarcomata by multiple implantation of irradiated tumour grafts. In no instance was a convincing membrane immunofluorescence reaction demonstrable following incubation with cells of the immunizing tumour or of any of the other radiation sarcomata, the fluorescence indices varying from 0 to 0*22. By contrast, alloantisera from 11-2 identical and H-2 different donors hyperimmunized against osteosarcomata reacted consistently with cell-surface expressed alloantigens on the osteosarcoma cells with fluorescence indices in the range 0 33 to 100.
DISCUSSION
The presence of tumour specific transplantation antigens (T.S.T.A.) defined by their capacity to elicit rejection responses in syngeneic hosts, has been demonstrated in many experimentally induced neoplasms (Klein, 1968) .
The principal finding of this investigation was that radiation induced murine osteosarcomata constitute a class of weakly or non -immunogenic tumours as determined by transplantation tests.
Thus, in only 6/15 tumours tested could resistance be induced by pretreatment with irradiated (15,000 rad) tumour grafts and this was relatively weak as measured by the maximum cell inoculum rejected by immunized hosts (1 x 104 cells). Resistance following excision of progressively growing tumour was demonstrated in one instance only. Since both these immunization procedures are consistently effective for inducing resistance to a variety of antigenic tumour types, we conclude that the immunogenicity of radiation induced murine osteosaromata is of a relatively low order.
The absence of strong antigenicity among these tumours was further emphasized by the failure to detect cell surface antigens by indirect immunofluorescence with sera from specifically immunized syngeneic donors. This technique has been widely applied to the detection of T.S.T.A.s of different tumour types and in general there exists a correlation between host resistance and the presence of tumour specific humoral antibody . The validity of the indirect fluorescent antibody test for detecting membrane associated antigens of murine osteosarcoma cells was confirmed by highly reproducible reactions obtained with alloantisera from H-2 identical and H-2 different mice.
These experiments imply that most murine radiation-induced osteosarcomata have a paucity of tumour-specific cell surface antigens. However, it is known that tumour antigen expression at the cell membrane may be modified by enhancing antibody (Hellstrom et al., 1969) and/or other masking mechanisms (Currie and Bagshawe, 1969) , as well as by serial passage through immunocompetent hosts (Woodruff and Symes, 1962; Prehn, 1967) . Thus, antigenic deficiency in this tumour system may be a quantitative rather than a qualitative phenomenon. In this context, it is of interest that transplantation resistance appeared to be evoked more readily against osteosarcomata in " early " passage rather than " late " (see Table II with reference to osteosarcomata S15, S17, S20 and 8100), suggesting possible deletion of tumour antigens on repeated transplantation within the strain of origin. However, since the tumour challenge inocula were, with the exception of S17, not identical for mice immunized against " early " and " late " transplants of these tumours this conclusion is not justified. Furthermore, throughout the investigation, there were no noteworthy changes in the behavioural characteristics of the osteosarcomata with respect to growth rate or ability to metastasize which were suggestive of a significant alteration in host-tumour relationship.
It may also be argued that the tumours (Baldwin, 1970) and with sarcomata induced by u.v.-radiation which are moderately immunogenic (Graffi et al., 1964) . However, the property of weak autigenicity is shared by soft tissue sarcomata induced in mice by the subcutaneous implantation of plastic and cellophane films (Klein et al., 1963) as well as those spontaneous mesenchymal sarcomata where the aetiology is unknown (Prehn and Main, 1957) .
The emergence of strongly antigenic tumours induced by chemicals is thought to be facilitated, at least in some circumstances, by the immunosuppressive activity of the carcinogenic agent (Stjernsward, 1.965, 1966) . In comparable studies the same author (Stjernsward, 1969) has reported that mice given oncogenic dosages of 90Sr are immunodepressed for 7 months, i.e. until the time of the appearance of the first osteosarcomata.
In contrast to chemically induced sarcomata, in this investigation no strongly antigenic tumours were encountered even 8 in radiation chimaeras, which are immunologically hyporesponsive (Micklem and Loutit, 1966) .
The phenomenon of weak antigenicity of radiation-induced murine osteosarcomata could be explained in terms of immunoselection, if bone proved to be an unusually efficient site for the manifestation of immunity, i.e. an immunologically " under-privileged " site. Prehn (1968) (Prehn, 1970) . We are indebted to Dr J. F. Loutit, MRC Radiobiology Unit, Harwell, Berkshire, for initially providing the tumours for this investigation and for criticism of this manuscript.
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